1. The Human Skin {#sec1}
=================

The skin is the largest organ of the human body and is responsible for the maintenance of homeostasis, hemodynamic control, sensory reception, and innate and adaptive immunity. The skin is divided into two layers: the epidermis and the dermis. The epidermis originates from the ectoderm and it is formed by different cell types. The dermis is derived from the mesoderm and is rich in dense connective tissues \[[@B1]\].

During embryonic development, the epidermis changes from a single layer of ectodermal cells at 7-8 days of gestation into a stratified, keratinized epithelium at 22--24 weeks of pregnancy \[[@B2]\]. Formation of hair follicles starts in the eighth week, and in the 12th week, the development of embryonic fibroblasts is organized in networks of collagen fibers \[[@B3], [@B4]\].

Type I collagen is the main component of the extracellular matrix (ECM) \[[@B5], [@B6]\] and it confers tensile strength \[[@B6]\]. Type I and type III collagen fibers are present in the fetal skin, and dermal fibroblast populations exhibit greater type I collagen compared to type III collagen staining \[[@B5]\]. Subsequently, the production of elastin by human skin fibroblasts increased from 7-fold to 14-fold between 17 and 19 weeks of pregnancy, reaching the levels found in neonatal skin fibroblasts \[[@B7]\]. The elastic tissue contributes to the structure of the fetal dermis and increases in quantity and complexity during intrauterine development \[[@B7]\].

With the advancement of the pregnancy, the number of epidermal cell layers increases and the hair follicles and sweat glands complete their maturation \[[@B8]\]. Fetal skin development is completed 30 weeks after conception \[[@B3], [@B9]\].

The complex maturation of human skin during fetal development is achieved by the action of chemical mediators. The organization and function of this organ may be compromised by numerous diseases or secondary mechanisms that lead to the loss of tissue continuity.

The knowledge and understanding of the mechanisms of action of molecular markers involved in fetal skin wound healing may contribute to treatment and prevention of skin injuries.

Therefore, the aim of this review is to discuss the main biomarkers involved in fetal wound healing, which have been recently described in the literature. The articles discussed herein are part of the collection of the National Center for Biotechnology (PubMed) and of the Virtual Health Library (VHL). The selected papers addressed the topic of this paper, regardless of the year of publication.

2. Fetal Skin Wound Healing {#sec2}
===========================

Skin wound healing is an organic response to tissue injury, which leads to an acute and local inflammatory reaction, fibroblast proliferation, and subsequent deposition of collagen and elastic fibers in the ECM. Moreover, it causes cellular proliferation that results in neoangiogenesis and reepithelialization. In adults particularly, the remodeling process fails in terms of tissue regeneration and excessive deposition of collagen fibers into a disorganized network \[[@B10]--[@B12]\]; this leads to scar formation.

In contrast, fetal skin wound healing triggers a regenerative response that preserves the architecture, organization, and function of the injured area. Until midpregnancy, specific mechanisms and pathways stimulate a rapid reepithelialization, the absence of an inflammatory response, the preservation of tissue architecture, and consequently the absence of scar tissue \[[@B2], [@B8]\] as compared to the wound healing that occurs at the end of the gestational period and during adulthood.

Intrauterine compounds such as sterile amniotic fluid that is rich in hyaluronic acid and growth factors are responsible for the high capacity of tissue remodeling \[[@B8], [@B12], [@B13]\]. However, several studies carried out with different experimental models demonstrated that this ability is due to tissue immaturity and poor cell differentiation \[[@B10], [@B14]\], which is observed at the beginning of intrauterine development \[[@B14], [@B15]\] and leads to regeneration of the dermal, neurovascular, and appendage architecture \[[@B11], [@B16]\].

Nevertheless, the mechanisms involved in fetal skin wound healing still need to be elucidated. Evidence suggests that maintenance of collagen matrix organization, inflammatory response, cellular mediators, expression of specific genes, and contribution of stem cells seem to be essential for tissue recovery \[[@B11]\].

Moreover, the existence of a complex and synchronized response triggered by metabolic pathways present in the cellular components, such as in ECM, has been observed in human skin, appendages, and the epidermis.

3. Fetal Wound Healing Biomarkers {#sec3}
=================================

Until the second trimester of pregnancy, wound healing is an intrinsic property of fetal skin that is not correlated with characteristics related to the intrauterine environment \[[@B14]\]. However, starting from the third quarter of fetal development, fetal wound healing leads to loss of hair follicles, deposition of dense collagen fibers, and an increased inflammatory response \[[@B16], [@B17]\].

The efficient process of skin remodeling seems to be related to the balanced action of metalloproteinases of the ECM, such as collagenases, gelatinase A, and stromelysin-1, which are responsible for the degradation of different types of collagen fibers, elastin, or proteoglycans, fibronectin, and laminin. Molecular studies showed that these enzymes are expressed by dermal cells and basal keratinocytes and in structures around the blood vessels of fetal and adult skin, although they are not abundant in the latter. Therefore, the expression of these proteases would enable ECM renewal, epithelization, and angiogenesis \[[@B18]\].

Studies describing the mechanism of action of these enzymes in wound healing indicate that in early fetal skin development, gelatinase A and B have low activities. In advanced gestational age, an increased expression of these enzymes was observed in epidermal cells, fibroblasts, endothelial cells, and keratinocytes. Membrane type 1 is widely expressed in epithelial cell membranes and cytoplasm by the 13th week of development, whereas it is expressed in fibroblasts and epithelial cells in late pregnancy. The same pattern of expression was also observed with inhibitors of matrix metalloproteinases TIMP-2 and TIMP-1, as with the respective inhibitors of gelatinase A (MMP-2) and B (MMP-9), weakly expressed during early intrauterine development \[[@B19]\].

In turn, lysyl oxidase enzyme is responsible for the harmony and connection of the collagen network in the ECM. The expression of this enzyme in fetal skin is 2-fold higher than that in adult skin. The catalytic power of lysyl oxidase in fetal fibroblasts is up to 1.7-fold higher than that in postnatal fibroblasts \[[@B20]\]. Depending on the pregnancy period, the differences in the expression of these enzymes may be related to deposition of a different set of collagen fibers in the cellular matrix.

Collagen is the most abundant component of the ECM; it provides tensile strength and modulates cell proliferation and migration during wound healing. Moreover, it shows a different deposition pattern in fetal and adult skin. In agreement with this observation, a molecular study was performed to assess the differences in the inhibition of fibroblast contraction. In response to 1 *μ*M prostaglandin E2 (PGE2), significant contraction inhibition, 55% and 33% upon 2 h and 4 h stimulations, respectively, was achieved in adult skin. However, in fetal skin assessed at the same time intervals, the inhibition was only 27% and 22%, respectively. Moreover, fibroblast distribution was also reduced in adult skin 4 h after the onset of PGE2 action, whereas in fetal skin, this characteristic was not modified. Interestingly, a different mechanism for regulation of actin cytoskeleton likely exists in fetal and adult fibroblasts, since distinct morphology and expression patterns of agonist receptors were also observed in these cells \[[@B21]\].

Migration of fetal fibroblasts is more rapid, depending upon the time after the injury. In agreement with experimental measurements, the action of PGE2 quantitatively differs between fetal and adult fibroblasts, although it remains qualitatively similar. This means that when exposed to maximum PGE2 concentration, adult fibroblasts lose up to 80% of their ability to migrate when compared to fetal fibroblasts, in which the loss of migration is less than 60% \[[@B22]\]. Presumably, this effect contributes to fetal skin repair in the presence of lower inflammatory response at the site of injury.

In turn, cyclooxygenase-2 (COX-2) and its major metabolite, PGE2, lead to fibrotic scar formation in fetal skin. Studies reveal that, 24 h after injury, COX-2 messenger ribonucleic acid (mRNA) and protein expression in basal keratinocytes and immune and stromal cells, as well as PGE2 levels, were significantly higher in fetal mouse skin after 18 days of pregnancy when compared to 15 days of pregnancy, in which this response was absent. Therefore, this suggests that COX-2 should modulate regeneration of the healing tissue, as increased tissue exposure to PGE2 seems to delay the reepithelialization, resulting in scar formation \[[@B16]\].

Similarly, interleukins lead to progression of the inflammatory response and have been identified as important mediators of postnatal tissue healing. As an example, interleukin-6 (IL-6) stimulates the proliferation and migration of keratinocytes, in addition to promoting angiogenesis in adult skin healing. By comparative molecular analyses of fetal and adult fibroblasts with respect to IL-6 synthesis, lower production of this mediator was observed in fetal fibroblasts. In contrast, adult fibroblasts synthesize a greater amount of IL-6 mRNA compared to fetal fibroblasts \[[@B23]\].

A similar expression in the inflammatory cascade is observed for interleukin-8 (IL-8), which is significantly induced in adult fibroblasts in response to lower concentrations of platelet-derived growth factor (PDGF). Therefore, expression of IL-8 mRNA is significantly lower in fetal fibroblasts \[[@B24]\].

To support these scientific findings, an experimental transgenic model was created, in which IL-6 was secreted in the absence of interleukin-10 (IL-10) in response to any kind of skin injury compared to control mice. The results showed an increased and abnormal deposition of collagen fibers, loss of dermal appendages, scar formation in the fetal skin of transgenic mice, and infiltration of inflammatory cells demonstrated by expression of the CD-45 marker. In control mice, skin remodeling occurred with minimal infiltration of inflammatory cells, with normal collagen distribution and recovery of dermal structure and its components \[[@B25]\].

These results demonstrate the possible correlation between increased IL-6 and IL-8 production and the prevalence of an inflammatory response in adult skin, which favors scar formation. Contrarily, increased IL-10 production is anti-inflammatory, as it diminishes the recruitment of inflammatory cells during fetal wound healing \[[@B25]\].

Studies demonstrated that transforming growth factor-*β* (TGF-*β*) is involved in wound healing by promoting fibroblast differentiation and ECM remodeling \[[@B26], [@B27]\]. TGF-*β* is a potent chemoattractant of macrophages, neutrophils, and fibroblasts, stimulates extracellular matrix synthesis, and prevents its degradation by upregulating the expression of tissue inhibitors of metalloproteinases (TIMPs) and downregulating the expression of proteases \[[@B28]\].

It is known that TGF-*β*1 and TGF-*β*3 are significantly expressed in human fetal and adult skin, respectively \[[@B26], [@B29], [@B30]\]. However, TGF-*β*1 and TGF-*β*2 receptors are expressed in both fetal and adult dermis tissues. In addition to establishing a correlation between greater predisposition to developing scars \[[@B26], [@B29]\] and the differences in these signaling pathways, it is also possible to infer the existence of an ideal concentration of TGF-*β*1 in fetal skin, which may provide beneficial effects for the complete regeneration of the tissue \[[@B26]\].

Fetal studies in mice demonstrated that the peak action of TGF-*β*1 was achieved in the ECM up to 24 h after the onset of injury and in dermal cells after 12 h, thus returning to basal level 36 h after the lesion. However, with increased gestational age, TGF-*β*1 was produced more than 48 h after injury. Therefore, it was observed that the time of action of TGF-*β*1 was proportional to the intensity of the inflammatory cell infiltration at the site of injury \[[@B27]\].

Expression of TGF-*β*3 was already significant at 24 to 36 h after the injury at the beginning of the pregnancy. However, with the increased gestational age, the peaks were synchronized every 24 h and concentrated for 72 h in the basal layer of the epidermis. In the ECM and dermal cells, increased TGF-*β*3 was also detected up to 36 h after skin injury, whereas in fetal dermis and with increased gestational age, TGF-*β*3 presented the same pattern of expression as the epidermis \[[@B27]\].

In another study assessing skin fragments derived from human donors of different ages, TGF-*β*1 inhibited the synthesis of the genetic material of fetal fibroblasts *in vitro*, although the opposite effect was found in adults fibroblasts. Moreover, when coupled with the PDGF-BB isoform, the latter inhibited the action of TGF-*β*1 in fetal fibroblasts, although it did enhance the action of TGF-*β*1 in adult fibroblasts. In summary, TGF-*β*1 inhibits the proliferation of these cells in the fetal ECM \[[@B31]\].

Hydrogen peroxide and products released by phagocytic interferes with scarless healing, possibly through the induction of TGF-*β*1. Hydrogen peroxide also increased the proliferation of fetal fibroblasts, which could contribute to an increase in the fibrosis \[[@B17]\].

Detection of differential expression of fetal mouse fibroblast receptors suggested a correlation between different patterns of tyrosine phosphorylation in fetal and adult cells. Epidermal growth factor receptors, namely, discoidin domain receptor 1 (DDR1) and Shc, are found in embryos and are related to rapid reepithelialization, organization of collagen fibers, and architecture regeneration of the injured tissue \[[@B32]\]. Shc is an SH2 domain-containing protein that is tyrosine phosphorylated in response to a variety of growth factors \[[@B33]\]. Shc becomes tyrosine phosphorylated upon stimulation with a number of growth factors including epidermal growth factor EGF \[[@B34]\].

Molecular studies of genetic patterns involved in fetal and postnatal wounds healing during three different periods identified expression of 321, 216, and 27 genes at 1, 12, and 24 h after the onset of skin injury, respectively. In fetal skin, intense gene transcription was observed up to 12 h, followed by a subsequent decrease after the first 24 h. This supports the rapidity of the healing process. The gene transcription factors CP2-like-2, Grainyhead-like epithelial transactivator, and retinoblastoma modulator exhibited this pattern, as well as the genes responsible for cell proliferation, such as Janus Kinase-2 and the tumor differentially expressed-2 gene. Expression of other genes such as transcription factors of immediate-early response-3 and growth response protein-1 decreased after 24 h. In the postnatal period, three genes (secretory proteoglycans granule, chemokine-12, and CD63) correlated with the formation of the fibrotic tissue \[[@B35]\].

Expression of specific RNA fragments, namely, microRNAs, has been identified as potential key differentiators and initiators of the wound healing response during fetal and postnatal development. Studies carried out with fragments derived from human tissue showed that RNA, namely, microR-29b, microR-29c, and microR-192, correlated with modulation of different proteins in the ECM and signaling pathways involved in skin remodeling \[[@B36]\].

Another important molecular aspect refers to the apoptotic response mediated by caspase-7 at the beginning of the pregnancy that seems to be responsible for the inactivation and cleavage of poly-ADP ribose polymerase (PARP) and the consequent programmed removal of damaged cells. By assessing this mechanism, reduced expression of caspase-3 and increased activation of the Akt marker were observed in hypertrophic lesions, an effect that induced a greater number of apoptotic fibroblasts. In mice, during early fetal skin development, the protease action of caspase-7 was 2-fold higher than during tissue remodeling, an effect that was also observed for cleaved PARP. In contrast, no variations were observed or reduced at the end of the pregnancy period in mice \[[@B37]\].

Among the proteins of the cellular cytoskeleton, suppression of Flightless-I (FLii), a member of the remodeling actins family, plays an important role in injury contraction. Analyses carried out using fetal mouse skin showed that, in the presence of an injury, FLii temporarily translocates from the cytoplasm to the nucleus of those keratinocytes distant from the wound bed. This favors cell cycling and reduces the injury up to 92% of the initial area 48 h later. However, increased expression of FLii during pregnancy enables less than 25% of injury reduction \[[@B38]\], suggesting that lower FLii expression favors tissue remodeling.

HASA (hyaluronan-stimulating activity), a common fetal glycoprotein mediating wound healing, promotes fibroblast movement through the ECM and is nearly absent in adult wound healing \[[@B28]\]. Hyaluronan (HA) is a macromolecule synthesized in fibroblasts and is inhibited by a concentration of TGF-*β*1 lower than 0.1 ng/mL. Moreover, HA expression is related to the cellular density of fibroblasts at the site of injury \[[@B39]\].

When assessing the regeneration of fragments of fetal epidermis that were cultured and subjected to heat shock, induced expressions of protein keratin-17 (K17), skin-derived antileucoproteinase (SKALP), and keratin-14 (K14) were observed 21 days later. Compared to adult skin, only K17 was expressed by culture fragments, whereas K14 and SKALP were detected in the regenerating epidermis \[[@B2], [@B8]\]. Therefore, it is possible to correlate these markers with the epidermal reepithelialization signaling pathway activated upon fetal skin wound healing.

In the dermis, expression of chondroitin sulfate (CS) was already observed in both fetal and adult skin during the same period of time \[[@B2]\]. However, in fetal skin, this marker was detected in the papillary dermis and in the upper region of the reticular dermis in the 16th week of embryonic development. In the adult dermis, SC was identified only in the basal membrane of the dermal-epidermal junction and blood vessels \[[@B8]\]. This demonstrated that ECM renewal capacity relies on the expression of these proteins, particularly when its expression is compared after injury among different fragments.

Proliferation of fetal skin is associated with the presence of keratin-i67 in the basal layer of the epidermis and dermis. Between the 13th and 14th weeks of pregnancy, expression of keratin-i67 is significantly higher when compared to levels obtained in the 16th to 22nd weeks and to both layers of adult skin. Epidermal differentiation enables identification of the presence of keratin-10 and involucrin in the intermediate layers, as well as primordial hair follicle infundibulum between the 13th and 14th weeks. Stratification is coupled to the expression of K14 in the epidermal basal layer from the 13th week, in hair follicles and the basal layer of the sebaceous glands starting from the 16th week of development \[[@B2]\].

A transmembrane glycoprotein, integrin, acts as a receptor for ECM components and favors adhesion, migration, proliferation, and cell differentiation. Among the most important components are the fibronectin receptors (*α*5*β*1, *α*v*β*3, and *α*3*β*1), fibronectin and tenascin (*α*v5*β*6), collagen (*α*2*β*1 and *α*3*β*1), laminin, and collagen type IV (*α*6*β*4 and *α*6*β*1). Studies on fetal skin injuries demonstrate high expression of collagen receptors (*α*2) and collagen/fibronectin (*α*3) in the pericellular region of epidermal keratinocytes and hair follicles, whereas laminin (*α*3 and *β*4) has been found, in particular, in the pericellular region of the epidermal basal layer \[[@B40]\].

This observation may be confirmed by tenascin expression that is high at early stages in the epidermal-dermal junction. Subsequently, tenascin increases throughout the fetal dermis 8 h after the onset of the injury \[[@B41]\]. In adult skin, a higher expression was observed 24 h after injury \[[@B42], [@B43]\], suggesting that the rapid involvement of this protein contributes to an efficient and effective epithelization of the skin.

4. Conclusion {#sec4}
=============

The mechanisms and molecular pathways of wound healing still need to be elucidated to understand skin remodeling. Until the second trimester, fetal skin maintains specific properties that lead to a complete recovery of tissue architecture, which includes the epidermis, the dermis, and skin appendages. This intrinsic capacity requires that biochemical components start signaling at the cellular level and culminate with the secretion of transforming factors and expression of specific receptors and markers that promote wound healing without scar formation.

Finally, the discovery and understanding of the functions of these biomarkers are essential to understand fetal healing and, consequently, to prevent and treat skin injuries.
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